SUMMARY A method for recording the medial plantar sensory nerve action potential at the ankle with surface electrodes is described. Normal values in 69 control subjects are given and compared with the sural sensory nerve action potential in the same limb in the same subjects. Clinical applications were studied in 33 patients. The procedure may be applied in the diagnosis of L4-5 nerve plexus or root lesions, lesions of the sciatic, posterior tibial, and medial plantar nerves, and is a more sensitive test than other sensory nerve action potentials in the diagnosis of peripheral neuropathy.
Peripheral neuropathies may have some predilection for sensory nerve fibres in the lower extremities (Mavor and Atcheson, 1966) , and there is some evidence to suggest that measurement of the sural sensory nerve action potential (SAP) may be a more sensitive test than upper limb SAPs in this situation (Di Benedetto, 1970 , 1972 Burke et al., 1974) but no comparisons with other SAPs in the lower limbs are available. The sural SAP tests only the sensory post-ganglionic SI root distribution. It is unhelpful in L4-5 nerve root or plexus lesions, and in lesions of the lateral popliteal and posterior tibial nerves as the sural nerve is formed by variable contributions from both of these nerves.
The medial plantar nerve is a branch of the posterior tibial nerve whose skin distribution includes the plantar and medial aspects of the big toe. The latter is said to be within the L4-5 sensory root distribution (Foerster, 1933) .
Initial attempts to obtain the medial plantar SAP in normal subjects by recording with surface electrodes at the ankle and stimulating the big toe did not give consistent responses (Mayer, 1963; Mawdsley and Mayer, 1965) . Using averaging techniques requiring 40 to 200 stimuli Mavor and Atcheson (1966) recorded the response in 12 normal subjects. A series of 33 posterior tibial nerves studied with needle electrodes giving normal values in two age groups for the SAP at the ankle has been reported (Behse and Buchthal, 1971) . Data in a control series with saline. Supramaximal stimuli were delivered at a point close to the tendo Achilles, 140 mm proximal to the lateral malleolus of the ankle. The recording electrodes were rectangular Ag: AgCl bars covered in saline-soaked gauze, mounted on perspex 40 mm apart. The proximal electrode was placed inferior to the lateral malleolus of the ankle, and the distal one along the track of the nerve. Where it was difficult to elicit responses, the recording electrodes were connected to the stimulator, the point of lowest sensory threshold taken as being the course of the nerve.
Medial plantar SAPs were recorded orthodromically in the same limb as the sural SAP. Supramaximal shocks were delivered through two ring electrodes of Ag: AgCl covered in saline-soaked gauze, encircling the hallux, which was separated from the other toes by a strip ofplastic sheet. The same recording electrodes as used for the sural SAP were employed. The distal electrode was placed over a point at which the posterior tibial artery could be palpated, close to the medial malleolus of the ankle. The proximal one usually rested on the medial edge of the tendo Achilles (Fig. 1) . Initial difficulty in obtaining a response in a number of cases was due to the electrodes being placed too far distally.
Recordings were made using a Medelec MS6 electromyograph. The AA6 amplifier was set to a deflection of 10 1W/cm, with a time constant of 5 ms and a HF cut at 3.2 kHz. Thirty or 32 responses were averaged on an AVM6 or AV6 averager.
The ambient temperature was 21-26°C, and draughts were excluded. Apart from keeping the limb covered as much as possible with blankets, further precautions were not taken. Limb temperature was measured by placing a thermistor probe on the medial E Fig. 1 Positioning of surface recording electrodes (R), earth (E), and stimulating ring electrodes (S). On the right the averaged medial plantar sensory action potential after 32 sweeps is shown (normal male aged 13 years).
Vertical lines show measurements oflatency to onset (3.8 ms) andpeak (4.7 ms). Amplitude is 8.1 , V. Time scale ofthe staircases is I ms with ten 0.1Ins steps each. Negativity upwards in this and all following figures. Stimulus always at onset ofsweep except in Fig. 2. and plantar aspect of the foot, towards the end of the procedure (range 27°C-33°C).
MEASUREMENTS
Measurements of amplitude, latency to onset, and latency to peak were made as shown in Fig. 1 . With SAPs of around 1.0 ,tV care was taken to ensure that the deflection seen was reproducible on two or three successive averaging runs and, if necessary, the potentials were scaled up by a factor oftwo ormorefor greater ease of measurement, by overriding the automatic scaling of the averager display (Fig. 2) . _/\f I 2.5 NV 1 ms The variation attributable to measuring the photographic record of small potentials was checked by asking 10 colleagues who had experience of EMG to measure a 1.1 juV potential. The mean value was 1.1 juV with a range of 0.7-1.8 juV (SD=0.4 utV).
Statistical calculations were made according to Snedecor and Cochran (1967 Tables 1  and 2 . They are arranged by decades of age. The medial plantar SAP was absent only in three control subjects, aged 81, 71, and 60 years. The sural SAP amplitudes in these three subjects was 3.9 isV, 2.5 ,uV, and 4.2 uV respectively. The sural SAP was present in all control subjects. There is a statistically significant correlation between amplitude and age for both the sural and medial plantar SAPs (Fig. 3) . There was no relationship between maximal sensory conduction velocity and age for both SAPs (Fig. 4 ).
There was a significant correlation between the amplitude of the sural SAP and that of the medial plantar SAP (r==0.5, p<0.001) (Fig. 5 1, 2, 3, 5, 7, 8, 9, 12, 13) . Case 4 had a clinical diagnosis of Guillain-Barre syndrome but no electrical evidence of peripheral neuropathy except for the absent medial plantar SAP. Case 10 had only electrical evidence of peripheral neuropathy. We considered that cases 6 and 11 had clinical and electrical evidence suggestive of a mild peripheral neuropathy.
All the patients had absent medial plantar SAPs. A comparison with other SAPs and mixed nerve action potentials (NAP) is shown in Table 4b .
Because the medial plantar SAP was absent in three Preganglionic L5-SI root lesions The three patients had normal sural and medial plantar SAPs (Table 5) . Mrs AB (A7643) had weakness in the muscles supplied by L5 and S1 nerve roots, and sensory impairment within similar root distribution in the (
Peripheral neuropathy 1 to 13 See Table 3 See Table 4 See Table 4 See (Fig. 10) , those in the right leg and left buttock being associated with chronic granulomatous skin lesions, and clinical thickening of the right radial, right and left ulnar, and right superficial peroneal nerves. A diagnosis of tuberculoid leprosy was confirmed at the Hospital for Tropical Diseases. Figure 10 shows the main tiectrical findings. The sensory loss on the dorsum and outer side of the big toe was interpreted as due to involvement of distal sensory fibres of the A. (Johnson and Ortiz, 1966) DML to abductor digiti quinti 5.6 ms 5.3 ms 4.7±1.0 (Goodgold et al, 1965 )t 4.0-7.5 (Kaeser, 1965) 5.8 ±0.84 (Johnson and Ortiz, 1966) MAP (ankle-abductor hallucis) 1.4 mV 5.3 mV MAP (ankle-abductor digiti quinti) 0.7 mV 2.1 mV 2.0-9.2 (Kaeser, 1965) Posterior tibial nerve MCV (knee-ankle) 44 m/s 39 m/s 36-58 (Kaeser, 1965) Abbreviations see Table 4a . MC (A87195, case 34) had a fall at work with bruising of the right ankle and six months later complained of pain and numbness in the right ankle and foot. She had a bizarre area ofdecreased sensation in the right ankle and medial side of the foot resembling the area previously bandaged. Motor conduction in both posterior tibial nerves was normal.
Discussion
The medial plantar SAP was recorded at the ankle with surface electrodes, using averaging techniques, in subjects under 60 years of age and was a useful diagnostic test in lesions of the appropriate nerves. It was a more sensitive indicator than other SAPs of peripheral neuropathy and was also useful in the differential diagnosis of foot drop.
It was possible to measure the medial plantar SAP in all of the 52 control subjects under 60 years of age. In three subjects aged 60 years or over in whom it was not measurable, the sural SAP (calf-ankle) amplitude was below the lower limit of normal of 8 ,aV and 6 ,sV in the two other series reported with a similar antidromic technique (Di Benedetto, 1970; Burke et al., 1974) .
Two practical disadvantages of recording the medial plantar SAP at the ankle have been put forward. First, its small size which makes the use of averaging techniques mandatory (Di Benedetto, 1970) and, second, that it is a time-consuming method requiring averaging of up to 250 stimuli (Mavor and Atcheson, 1966) or 500 stimuli (Behse and Buchthal, 1971) . However, most standard EMG equipment includes an averaging device, and with the averaging technique described here, recording time was from around one to three minutes when two or three 'runs' were used to confirm the reproducibility of the results with small potentials (around 1.0 /V).
The single most important factor in achieving a satisfactory record was careful positioning of the surface electrode at the point where the posterior tibial pulse could be palpated.
There is no strictly comparable series of controls in the literature but the present data have been arranged to fit the age groups reported in the only two previous studies with amplitude values for the medial plantar SAP at the ankle (Tables 7 and 8 ). The close correspondence between our means and ranges and those described in these two previous reports is striking. The similarity of results using needle and surface electrodes is interesting as the latter are usually less time-consuming. A comparative summary ofprevious reports on sensory conduction in this nerve is given in Table 9 .
The sural SAP amplitude was, in general, much greater than the medial plantar SAP, but potentials of less than 6 ,tV were seen in five of our 69 control subjects (7.2 %), all of whom were over 60 years old.
A statistically significant correlation between ampli- tude and age was found (Fig. 3) and has been reported before for sural SAP (Burke et al., 1974) and medial plantar SAP (Buchthal et al., 1975 We did not find a significant relationship between maximal sensory conduction velocity and age for both the sural and medial plantar nerves (Fig. 4) . This is in agreement with Burke et al. (1974) for the sural SAP but not with the results of Behse and Buchthal (1971) . The difference may lie in the fact that only the last authors constantly monitored the surface temperature of the leg to make certain it was within the range of 36-370C during the recordings.
Previous studies (Di Benedetto, 1972; Burke et al., 1974) have suggested that measurement of the sural SAP is a more sensitive test than of the median SAP for the diagnosis of peripheral neuropathy, but neither the clinical nor electrical criteria used for accepting such a diagnosis were given. This study is based mainly on an analysis of amplitude ofthe SAPs recorded by surface electrodes.
The method allows potentials of not less than 0.7 pV to be discriminated and reliably recorded. It would have been possible to increase the number of sweeps averaged and thus increase significantly the resolution. However, it is not practical to prolong recordings for service work. Furthermore, it is not certain that doing so would increase the diagnostic yield of the procedure. For example, in a detailed study of the median SAP in 84 cases of polyneuropathy, Buchthal and Rosenfalck (1971) reported no cases in which abnormalities of sensory conduction velocity were not associated with an abnormal amplitude. From their results it is clear that amplitude of the SAP was a more sensitive measurement than abnormalities of the conduction velocity of its components. Seventynine of the 84 patients had an abnormal amplitude, and only 64 had abnormalities of sensory conduction velocity of components of the median SAP.
The amplitude of SAPs can be within the 'normal range' in some cases of peripheral neuropathy (Buchthal and Rosenfalck, 1971) . But the range of normality is wide, and follow-up for as long as 10 months may be necessary in an individual case to show retrospectively that the amplitude of a SAP recorded at the onset of the disease is small for that individual, although still within the 'normal range' (Guiloff, 1977) .
In our 13 cases of peripheral neuropathy the medial plantar SAP was a more sensitive indicator than the median or sural SAP. The sural SAP was not a more sensitive indicator than the median SAP. Gilliatt and Willison (1962) found that the lateral popliteal NAP ) was a more sensitive indicator than upper limb SAPs in patients with diabetic peripheral neuropathy affecting the lower limbs. In this series the medial plantar SAP was also a more sensitive indicator than the lateral popliteal NAP.
The fact that the medial plantar SAP may be absent when the median and sural SAPs are present is probably largely related to the resolution of the technique used. Since the medial plantar SAP is a smaller potential, a fall in the number of nerve fibres (or slowing of conduction in them) similar to that in a nerve with a larger potential could be reflected in an unmeasurable SAP, while in a larger nerve it would still be measurable. Alternatively, the pathological process in peripheral neuropathy might affect the longer fibres in the lower limbs earlier or more severely or both, or the pathology might be generalised but of irregular distribution, so that some nerves may be electrically affected and others not, as has been described for acute idiopathic polyneuritis (McLeod et al., 1976) . On the present data it is not possible to decide. For example, SD (case 2, Table 3 ) had a fall of 38 % in the amplitude of the sural SAP within 24 days and the medial plantar one was absent on both occasions. This late fall could be related to each of these possibilities.
Proximal post-ganglionic lesions can be associated with an abnormal SAP in the corresponding distribution-for example, cervical rib syndrome with C8-T1 nerve root compression may result in an absent ulnar SAP (Gilliatt et al., 1970) . Post-ganglionic L4-5 root lesions are not frequent and were not seen in this series but an abnormal medial plantar SAP would be expected under these circumstances. However, patients with unilateral foot drop are often referred to departments of applied neurophysiology. Post-ganglionic L4-5 root and plexus lesions should be excluded electrically, and the medial plantar SAP can be a convenient screening test in this situation. Eight cases presented with unilateral foot drop in this series, six had a lateral popliteal nerve palsy and two pre-ganglionic L5-S1 root lesions. All had normal medial plantar SAPs.
The medial plantar SAP was absent in the four cases of sciatic, posterior tibial, and medial plantar nerve lesions. In the patient with a sciatic nerve lesion the sural SAP was absent as well. Posterior tibial nerve lesions would not necessarily be expected to be associated with an abnormal sural SAP, as the sural nerve receives a contributory branch from the lateral popliteal nerve. The absence of the sural SAP in PH (case 24, Table 5 ) could be related to damage to the sural nerve or to its two contributory branches sustained either at the time of trauma or subsequent operation.
An important application of this technique is as an aid in diagnosing distal lesions of the posterior tibial and lesions of the medial plantar nerves. The latter is exemplified by the patient who had leprosy (Fig. 10) . The posterior tibial nerve may be entrapped at the flexor retinaculum (Kopell and Thompson, 1960; Goodgold et al., 1965) , the so-called tarsal tunnel syndrome (Keck, 1962; Lam, 1962) . FR (Table 6 ) displayed the features of this syndrome and had an absent medial plantar SAP on the affected side. The finding of prolonged distal motor latency to abductor hallucis and abductor digiti quinti has been helpful in diagnosing this condition but both may be normal (Goodgold et al., 1965; Johnson and Ortiz, 1966; Edwards et al., 1969) . In our patient these measurements were within the normal range but distal latency to abductor hallucis was comparatively longer on the affected side. In the carpal tunnel syndrome sensory conduction in the median nerve may be affected when motor conduction remains normal . We suggest that the medial plantar SAP should be recorded in patients suspected of having the tarsal tunnel syndrome.
The technique helped to exclude a posterior tibial nerve lesion in two medico-legal cases with sensory loss in the foot.
Conclusion
The medial plantar sensory action potential (SAP) can be readily recorded with surface electrodes at the ankle using an averaging technique. It was unmeasurable (< 0.7 ,kV) in only three out of 16 subjects aged 60 years or over in a group comprising 69 control subjects. It declined with increasing age as did R. J. Guiloffand R. M. Sherratt the sural SAP and its amplitude correlated well with that of the latter in the same limb in the same subjects.
In 13 cases of peripheral neuropathy its measurement was a more sensitive diagnostic test than sural and median SAPs and lateral popliteal mixed nerve action potential. It may be useful in patients with foot drop, helping to show or exclude electrically involvement of L4-5 post-ganglionic sensory fibres at nerve root or plexus level. The cases of traumatic sciatic and posterior tibial nerve lesions, tarsal tunnel syndrome, and lepromatous medial plantar nerve lesion described exemplify its value in testing specifically the sensory fibres of these peripheral nerves. 
